INTRODUCTION
A rapidly developing field of academic and industrial research is concerned with the effects of polymers upon the interaction between solids. lf the solids are macroscopic, the phenomena involved are those of adhesion ( cohesion) and lubrication. If they are nlicroscopic or colloidal and are dispersed in a liquid, then the effects are those of destabilization (sensitization) and stabilization (protection) respectively of the dispersed system. * It is the latter two phenomena which form the subject of this lecture. They originate-like the former two-usually with the adsorption of polymers at or with their chemical interaction with the surface of the solids. W e shall be concerned only with the phenomena of destabilization and stabilization to the extent to which they are the result ofsimple physical polymer adsorption. Fora full understanding of these phenomena it is important to precede the discussion with an expose of the phenomenon of polymer adsorption at the surface of solids.
ADSORPTION OF POLYMERS AT SURFACES Historical
The fact that polymer molecules may be adsorbed at the surface of solids followed, as long as 30 years ago, from experiments by Mark and Saitol. They found that the intrinsic viscosity of unfractionated cellulose acetate had changed after passage through a chromatographic column. The direction in which [' >]] had changed seemed to indicate an increase in adsorbability with decreasing molecular weight, M. This result, contrary to that expected by these authors was also at variance with the well known Traube rule2 according to which adsorption increases, within a homologous series, with increasing chain length (for a theoretical justification of this rule see ref.
3). However, Baum and Broda4 shortly afterwards found, with polysaccharides, an increase in adsorption with increasing M. On the other hand, extensive results reported later by Claesson and collaborators5 for polymethylmethacrylate and polyvinylacetate seemed agairr to indicate a decrease in adsorption with increasing M. The results of Landler6, according to which low molecular weight polymers seemed to be preferentially adsorbed at low concentration while the reverse seemed to apply at high concentration, * In addition, the rheology of such a system may be affected very strongly.
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further confused the situation. Suspecting that these contradictory results may have been due to a neglect of adsorption rates, W. H. Buell7 studied in our laboratory the competitive adsorption of polyethylene glycols from a solution containing a mixture of two fractions of molecular weight 600 and 6000 respectively. This mixturewas run through a 30 cm high chromatographic column of 3 cm2 cross-section at the very slow flow rate of 2 mljmin (linear flow rate : 100 t-t/sec). It followed from the results obtained conclusively that the M 6000 component could, by preferential adsorption, be almost completely separated from the M 600 component. Preliminary studies on the adsorption from solutions, containing the M 600 and the M6000 fractions alone, further showed that the higher molecular weight polyethylene glycol was always better adsorbed than the low molecular weight one irrespective of concentration, solvent or adsorbent selected. This work which, incidentally, showed for the :first time that chromatographic fractionation of polymers is feasible and, within certain limits, practical, was followed by an extensive study of the rate problern by W. Tanaka8.
The rate of polymer adsorption on Norit
Studies on the rate of adsorption were carried out with aqueous solutions of polyethylene glycols of low molecular weight (M: 300, 600, 1540 and 6000) and of the monomer*. The adsorbent used was throughout Norit. Prior to its use, this charcoal was purified by refluxing in a soxhlet with water. Thus all water-soluble impurities were removed quantitatively. Subsequently
Norit was dried to constant weight in a vacuum apparatus. J ust as in the preceding experiments of W. H. Buell, standard PEG (polyethylene glycol) solutions were prepared gravimetrically after the pure polymer had :first been dried to constant weight. From these standard solutions refractive index vs. concentration curves were obtained by means of a Rayleigh interferometer. (In Buell's work a less sensitive dipping refractometer bad been used for the same purpose). The data, shown in Figure 1 allowed rapid and highly precise determinations of polymer concentration to be carried out. t
The polymer solutions in contact with Norit were vigorously agitated by mechanical to and fro movement of sealed glass containers in a thermostat operating at 25·0° + 0·10 °C. For thestudyofadsorption ratesmore than 2 minutes after addition of Norit to the polymer solution, representative homogenized samples were taken successively from a large amount ofNoritsolution mixture removing immediately thereafter the adsorbent by rapid filtration, under pressure, through fritted Pyrex glass discs. For the determination of adsorption rates less than 2 minutes after mixing of solution and Norit, a much faster separation procedure was needed; in these cases, a 5 ml pipette fitted with a copious supply ofglass wool in front ofits tipt, was used 
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Time, min Figure 2 . Rate of adsorption of ethylene glycol and of polyethylene glycols from aqueous solution, on Norit at 25°C; (xfm)t the value of (xfm) at the time t (results of W. Tanaka) and 1 only with the monomer. In the latter case adsorption equilibrium was reached after less than 15 seconds of contact between solution and adsorbent. The curves given apply to average equilibrium concentrations of 0·7 5, 0·42 and 1·11 g per 100 g solution of polymer of M 6000, M 600 and of monomer respectively. These differences in equilibrium concentration were too small to be of consequence for the conclusions to be drawn since differences in equilibrium concentration as large as SO per cent were found not to alter adsorption rates significantly within the range of the low polymer concentrations used.
I t is apparent from Figure 2 that adsorption equilibrium has not been reached yet after 15 minutes of contact forM 6000 while it has been reached after less than 15 seconds of contact for the monomer ( 15 seconds was the shortes t time covered q uan ti ta ti vel y in all experimen ts) . Since the adsorption rates were followed for a period of time Ionger than needed for full adsorption equilibrium (27 hours for M 600 and M 6000; 30 minutes for the monomer), one can compare the difference in rates for the 3 molecular weights best by means of the normalized plots in Figure 3 . Here, the final the value of (xjm)t relative to the normalized value of 1·0 at the time t -----+ oo (results of vV. Tanaka) amount of polymer adsorbed at equilibrium is set equal to 1·0. It follows very clearly from this figure that the time required for attainment of adsorption equilibrium increases very strongly with molecular weight. Useful comparative figures are obtained on calculating the time required for 90 per cent of the equilibrium amount to be adsorbed. In the three cases considered, the data are:
Monomer : < 15 seconds M = 600: 2·5 minutes M = 6000: 9 minutes
In view of the appreciable time required for the attainment of adsorption equilibrium ( unless M is rather small) the construction of exact adsorption isotherms of polymers is very time consuming. Nevertheless, all isotherms to be given below were obtained by waiting in each instance many hours (see page 255) before removing a sample from the continuously agitated Norit-polymer solution mixture. Such a lang drawn out procedure is of course not very practical for large scale investigations. Fortunately, close scrutiny of all data showed that they are all very well satisfied by the relatively simple equation
Here, t is the time, in minutes. The very good performance of this equation during the initial period of adsorption follows from obvious and a trivial necessity since xjm changes then very little). On rearranging equation (1) one obtains the practically more useful equation (2) xfm which allows one to extrapolate (x/m) to its equilibrium value at t 0 oo. The respective type of plot is successfully tested in Figure 5 . It is seen that the experiments do not need tobe extended beyond 10 minutes ((1/t) = 0·1) in order to obtain a very reliable equilibrium value of (xfm). It will be noted that both k and k' have finite values which removes the risk of triviality inherent in this type of equation. Their values are M600: M6000:
At a given initial polymer concentration, c 0 , the rate of adsorption is in view of eq. (2): (3a) is that the rate of adsorption becomes independent of molecular weight, when the equilibrium value has been nearly reached. In contradistinction, the rate depends very much on M in the early stages of adsorption, as expressed by the A1-dependence of k and k'.
It should be noted that the rate of adsorption is, of course, faster for nonporaus materials since the rate of polymer diffusion into Norit is the rate determining factor in the latter stages of adsorption. Nevertheless, the adsorption rate is appreciable also for non-porous materials if the polymer concentration is small. Thus it could be shown recently9 that adsorption equilibrium of polystyrene (M : 76,000) on a chromium surface required about 0·5 hour, about 3 hours and more than 30 hours at a polymer concentration of 10, 1 and 0·1 mg/1. respectively. The times required were less for a lower molecular weight fraction. There is therefore little doubt that an appreciable part of the large time requirement for adsorption equilibrium is due to slow diffusion of unadsorbed polymer molecules into still vacant surface sites and through the layer of adsorbed polymer molecules.
Adsorption isotherms
The results just described made it possible to obtain reliable equilibrium adsorption isotherms. I t is important for a full understanding of the phenomena to be reported later, to describe and discuss these isotherms here. Since these hitherto essentially unpublished results had been obtained, a number of the findings made have been verified (see the reviews referred to by references 10 and 11). This makes the basis of discussion particularly secure. All the isotherms are given in Figure 7 satisfied the data quite well. The insert which considers very low Ce-values for M 6000 and is drawn with the same slope as the main curve shows clearly that the intercept has a finite value. This shows that one really has to deal with a Langmuir type isotherm and not with a trivial relationship*. Table 1 gives the values for the constants K1 and K 2 in the Langmuir equation
as calculated from the data. Both K1 and K2, particularly the former, are seen to increase with M. If the significance of these constants were the same as in the case of Langmuir type adsorption of small molecules, then K 1 would represent the amount adsorbed on completion of a statistical monolayer, (xjm) e 8 , and the variation of K2 with M would indicate that the energy of adsorption increases appreciably with increasing molecular weight. Table I . Variation with molecular weight, ofthe constants K1 andK2 in equation (4) The validity of the Langmuir isotherm suggested, of course, a monolayer adsorption and was thus interpreted. The detailed theory was, subsequently, developed by Frisch and Simhal2. An interesting alternative theory has been developed recently by Silberberg12. On operating with larger Ce-and higher M-values than used in the experiments just discussed, it has been *In order to make doubly certain of this, 1/(x/m)e was, in alternate plots, plotted agairrst 1/ce. The slope ofthese curves is numerically identical with the intercept ofthe ce/(x/m)e v. Ce plots, and their intercepts are numerically identical with the slope of the alternative curves.
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shown more recently13 that completion of the statistical monolayer may be followed by stepwise additional adsorption of polymer molecules.
I t is evident from Figure 6 and 7, that the amount adsorbed at a given equilibrium concentration increases with M. The quantitative variation is shown in Figure 8 for 3 Ce-values. It follows that the increase, with M, in adsorbability is strongest for the oligomers and becomes relatively modest as M increases further. The present experiments do not allow any conclusion as to whether or not (xfm)e remains, as suggested by show that the asymptotic trend continues up to relatively large M-values.
The only possibility for a decrease in (xjm)e with increasing M is given with porous adsorbents with capillaries so fine that polymers ofhigh molecular weight may not be able to penetrate as fully as low molecular weight fractions. Results which may be interpreted in this fashion have been reviewed by PatatlO. The general type of the curves in Figure 8 has a resemblance to that of Langmuir isotherms. Curiously enough, a relationship, similar in form,
satisfies the data fairly well as is apparent from Figure 9 . The originally empirical equation will presently be seen to be also of some theoretical interest. 
Discussion of the results
If the surface area which one adsorbed polymer molecule excludes from occupancy by others were independent of M, then the saturation value (x/m)e 8 of the completed statistical monolayer should increase in direct proportion to M. Such an independence of M would require that the polymer molecules are adsorbed at the surface with one terminal segment only and that they protrude from the surface radially and behave like stiff fibres. Equation (Sa) reduces to this simple relationship if k1 ~ k't/M. The proportionality constant a in the equation
is then simply 1/k'l· If, on the other band, the surface area excluded by one adsorbed molecule_ were to increase in direct proportion to M, then (x/m)e 8 should be independent of M. This other extreme case would present itself, if all segments of the polymer molecule were attached to the surface (i.e.
if the molecule were lying flat in the surface). Equation (Sa) reduces to the following equation applicable in this instance
if k' 1 /M ~ k 1 (a' = 1/kl)· It is clear that for all other conceivable conformations of the polymer molecule in the surface, the exponent, n, associated with M, should have values between the extremes given, 0 and I. Thus, in the fictitious case of polymer molecules coiling up at the surface like tight spheres with a one point contact only, the exponent would be expected to be 0·667. One might expect an approximation of this situation in very poor solvents. The transition, from this tight ball to a random coil should reduce the exponent considerably, more so the larger the gyration radius (at constant M), i.e. more so the better the solvent. Moreover, the exponent should be expected to decrease with an increase in the number of segments of a random coil attached to the surface. The situation is of course entirely different if one considers, instead of (x/m)e 8 the quantity (y/m)e 8 , where y is the number ofmoles ofpolymer adsorbed; y/m should be independent of M when equation (6) applies and it should decrease with increasing M if equation (7) applies. Tanaka's experimental results reported above were examined in the light of the arguments which Iead to equations (6) and (7), the purpose being to obtain some information on the state of the polymer molecules at the surfaceoftheadsorbent. Anexcerptofthisanalysisisgivenin Tables 2aand 2b. Both the (xjm)es values represented by K1 in Table 1 andin parentheses, the closely similar actual experimental (xjm)e values pertinent to Ce = 1·0 are used. I t is seen that no single n-value will satisfy the data too weil. An n-value of 0·125 comes about as close to satisfying all the M-values as one can expect. The failure to obtain a truly constant a and, with it, a truly constant value of n, indicates that the conformation of the adsorbed polymer molecules in the completed statistical monolayer changes somewhat with molecular weight. Since the smallest variations of n with Mareformedweil within the extreme Iimits of 0 and 0·25, it is clear that the adsorbed polymer molecules represent, in all cases, greatly expanded polymer coils of which more than one segment is attached to the surface*.
While it is very difficult to obtain quantitative information on the statistical number of segments of one polymer molecule attached to the adsorbing substrate, the fact of multiple contacts is easy to demonstrate. The first evidence was furnished at an early date by W. H. Buell7. He was unable to desorb polyethylene glycol from Norit after a 3 per cent solution had been passed through a chromatographic Norit column sufficiently long so that the water collecting at the end of the column contained no polymer at all. * This analysis neglects the effect, on n, of adsorption in capillary spaces of Norit. Taking this into account would give a slightly larger n-value for the outer surface, but hardly enough to account for the difference with the n-value reported by Killmann and Schneider 13 . Table 2 . Variation, with molecular wcight, M, of "constant" a in equation (6) at five values of the exponent n associated with M a
::r:
rt Data in parentheses refer to (xfm)e at Ce = 1·0 instead of (:./m)e 8 Neither digestion of the contents of the column with pure water, nor a prolonged subsequent soxhlet extraction of the Norit with water at 100°C led to consequential desorption. On the other band, replacing water by benzene led to almost complete desorption*. This apparent irreversibility of adsorption in an aqueous medium is easiest explained by assuming the formation ofmultiplesurface contacts by a polymer molecule. For, the probability of a simultaneaus release of two or more surface contacts is small unless the energy of adsorption of the polymer relative to that of the solvent is very small t. The successful desorption with benzene is, on this basis, due to the fact that this solvent is a strong competitor for the surface of carbon black while water is not. Consequently, the relatively weak adsorption ofthe polymer will result in a higher frequency of contact releases and probably also reduce the statistical number ofsurface contacts perpolymer molecule. Itiscertain that the existence of an inner surface-resulting in multicontact adsorption in capillary spaces of Norit-may have contributed substantially to the 'irreversibility' of adsorption in water. However, it would not be possible to explain on this basis alone the virtually quantitative irreversibility. Moreover, several examples of 'irreversibility' of adsorption from smooth surfaces of compact materials have become known in the mean time15, 17 • 18 so that there remains little doubt about the probability of multiple surface contacts, on a "plane" surface, by a single polymer molecule provided it is large enough.
The prediction made above on the basis of very simple geometric considerations to the effect that n can be expectcd to increase as the polymer coil contracts Ieads immediately to the conclusion that the selective adsorption of higher molecular weight polymers expressed in terms of (x/m)e 8 should, under otherwise equal conditions, be better in poor solvents. This seems in fact to be borne out by early experiments, again carried out by W. H. Buell7. Theseexperimentsare summarized in Table 3 . It follows from these results, implicitly, that the efficiency of chromatographic fractionation of polymers should be better the poorer the solvent.
The results given and the conclusions drawn pertain to polymer adsorption isotherms limited to Ce-values not in excess of those at which the * Recent results by Killman and Schneider 1 3 to the effect that adsorption of polyethylene glycols, up to a molecular weight of 28,000 is perfectly reversible in benzerre agrees fully with this early result Buell. t In view of the explanation given, it is preferable to speak of an "apparent" irreversibility rather than of an irreversibility as such. On introducing this qualification, the concept of an adsorption equilibrium is preserved for the adsorption of macromolecules. The term "apparent" irreversibility indicates that one is dealing with the result of a very slow rate of desorption.
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adsorbate forms a statistical monolayer. I t has been shown more recently13, 16 that at larger Ce-values supplemental adsorption may take place. Since this should have more the character of a condensation of polymer at a polymer surface, one would expect that the effect of molecular weight and of 2-49 molecular conformation would be less apparent at relatively large ce-values while that of the solvent quality might then play a more prominent role, the extent of supplemental condensation of polymer at a polymer surface being most likely larger the poorer the solvent.
STABILIZING EFFECTS RESULTING FROM POLYMER ADSORPTION
The results of Buell and Tanaka reported in the preceding section provided the stimulus for a series of subsequent studies in this laboratory designed to explore the expected major effect of polymer adsorption at the surface of solids for the "stability" of liquid dispersions of microscopic or submicroscopic ( colloidal) particles. For a full understanding of the effects to be discussed, it is useful to review very briefly the role of the most important classical factors which affect the stability of such systems.
A few fundamentals
Submicroscopic solid particles dispersed in a liquid undergo at room temperature enough collisions, even in dilute systems, so that most of them will aggregate in a relatively short time ( a few minutes or hours, depending on the viscosity of the liquid) to a series of spongelike microscopic or macroscopic flocks if all or most collisions are inelastic. The entire system--at the beginning homogeneaus-will then separate into a liquid nearly free of solids and a fluffy precipitate ( or cream, depending on thc relative density of the flocks). The latter is generally referred to as "coagulum".
One may have an interest in promoting such a "coagulation" (flocculation) as for instance in processes concerned with the reclamation ofpolluted water. I uversely, one may rather wish to prevent partial or complete flocculation, as in the case of synthetic latices designed to form the stable homogeneaus vehicle for modern type paints. The problem, therefore, is to take steps so that, in a given system, all ( or most) collisions will be inelastic or elastic respectively. In the former instance, the action taken is defined as destabilization ( or sensitization) ; in the latter instance, one speaks of stabilization (protection) of a system. If one or the other is achieved by the addition of third substances, the latter are called destabilizing (sensitizing, fiocculating, coagulating) and stabilizing (protecting, deflocculating. peptizing) agents respectively. In the case of aqueous dispersions with which we will be concerned here exclusively, simple low molecular weight electrolytes have been the generally favoured classical coagulating agents. On the other hand, soaps and the so-called "protective colloids" ("Schutzkolloide") such as gelatin, dextrin, starch have been the classical stabilizing agents. The role of these protective colloids, not at all understood, became even more mysterious by virtue of the fact that their protective action may, at very low concentrations, change into a sensitizing action. Probably the most farnaus practical clinical application of the latter phenomenon is the Langegoldsol reaction used for decades successfully in medical diagnosis19. I t is these protective colloids which will command a great deal of our attention in the remaining part of this lecture.
The possible existence of a surface charge on the particles, by dissociation, or by adsorption of ions, and the resulting surface potential and diffuse electrostatic double layer made it easy to understand, at an early date, the possible elasticity of collisions between particles. On the other hand, it was not until the early twenties that the reason for inelastic collisions began to be debated seriously. F. Haber20 initiated the discussion of the causes of attraction and repulsion between colloidal particles. He proposed that extensive deformation of diffuse electrostatic double layers of two colliding particles may lead to polarization. The resulting attraction would be counteracted by the osmotic tendency towards uniform charge distribution, the equivalent of repulsion. In the resulting equilibrium, colloidal particles could assume equilibrium distances appreciably in excess of molecular dimensions. An attempt was made to apply this concept to an explanation of coagulation, thixotropy and of other phenomena in colloidal systems20.
Zocher 2 1, (ofthe same Institute) on the other hand, in his attempt to explain the formation of special structures (tactoids) in certain colloidal solutions proposed, rather haltingly, an alternative theory. According to the latter, "molecular forces" of attraction, which should predominate at large Separations of the particles, would compete with electrostatic forces of repulsion. This idea, originally very speculative, became more attractive when, a few years later, London's quantum mechanical explanation and treatment of van der Waals forces made it conceivable that they may be of long range character. With the active assistance of London, the outline of a quantitative theory based upon equilibria between London dispersion forces of attraction and Coulomb forces of repulsion actually was developed by Kalimann and \Villstätter22 of the same Institute. Neither the details of the theory nor the actual calculations referred to in this article were published due to adverse external circumstances. However, potential energy curves were also calculated by Rubin and published in part by Freundlich23, also formerly at the same Institute. The general shape of thesefirstpotential energy curves is the sameasthat resulting from the far more precise treatments now available. Subsequently, a series ofworkers took up the problern and contributed greatly to a refinement of the mathematical treatment of the equilibrium between Coulombrepulsion and London-van der Waals attraction. Foremost among them were Hamaker24, Verwey and Overbeek25 and Derjuaguin26. Figure 11 gives, according to Verwey and Overbeek, a schematic picture of the interaction between two spherical particles which possess, either by dissociation or by adsorption, a surface charge. Curve I represents the London-Van der Waals interaction energy, as a function of the distance r between the two spheres, curve II represents the variation, with r, of the r Figure 11 . Potential energy curve for two colloidal particles; after Verwey and Overbeek25; (Ea: activation energy of coagulation) Coulombic interaction energy and curve III represents the sum of the two i.e. the effective total potential energy. Due to the very different variation, with r, of curves I and II (the London dispersion forces always predominate both at small* and very large interparticle distance) the resultant curve III exhibits a maximum. The height of this maximum is, under otherwise constant conditions (same surface potential and same diameter ofthe suspended particles), smaller the !arger the ionic strength of the solution in which the particles are suspended. The maximum moves at the same time to smaller r-values. I t is apparent from Figure 11 that virtually all collisions will be elastic if the activation energy Ea, is much larger than the average translational energy of the particles. On the other hand, the majority of collisions will be inelastic if Ea < kT (k is Boltzmann's constant). Because of the indicated role ofionic strength, it is clear why addition of low molecular weight electrolyte will promote coagulation. If, on the other hand, the added electrolyte contains long chain cations or anions which are strongly adsorbed at *At very small r-values, however, which are not covered by the curves, electrostatic repulsion, of nuclear origin, becomes predominant. Therefore, curve I exhibits a minimum (maximal attraction energy) at some r-value < 10 A. 264 the particle surface, then the destabilizing effect of increased ionic strength may be more than compensated by the simultaneous increase in surface potential. The resulting increase in Ea explains the stabilizing effect (at low concentrations) of soaps and related low molecular weight compounds.
Steric stabilization of dispersed systems by polymer adsorption
On the basis of the results of Tanaka, described in the preceding section, it became apparent that adsorption of macromolecules at the surface of submicroscopic or microscopic particles may make it impossible for them to approach each other to the critical distance, rc, indicated in Figure 11 . Steric interference of the polymer clouds above the particle surfaces pictured schematically in Figure 12a should make fm the statistical minimum distance at the moment of collision. Even if Ea < kT, the establishment ofa polymeric coating at the surface of the particles should clearly, therefore, prevent inelasticity of collision and therefore prevent coagulation. The slightly positive value of the total potential energy at fm should actually promote disentanglemen t of the polymer clouds temporarily entangled during collision *.
* The total potential energy assumes negative values if r is sufficiently large. This is not apparent from Figure 11 . However, unless the particles are very large (microscopic or strongly nonspherical) the negative potential energy trough at large r will be too small to be consequential. !fit is consequential, then further mutual penetration ofpolymer clouds, contacting each other during collision, would be encouraged due to the existence of a (very slight) "interpenetration pressure".
These ideas were successfully tested in work clone by T. L. Pugh27.
Using again polyethylene glycols (M: 600, 4000, 6000, 9000 and 30,000) the effects of the specially purified polymers upon the stability of colloidal solutions was investigated. The disperse systems used were gold sols in which a red-;.. blue colour change indicates that coagulation is occurring and that the developing aggregates have reached a well defined average size. This colour change is therefore a very sensitive and analytically convenient indicator of the fact that coagulation is progressing at a particular rate and has reached a certain fairly weil defined stage. Destabilization of these colloidal solutions was brought about by addition of a solution of the low molecular weight electrolyte, KCL If the concentration of this electrolyte solution was so adjusted that, upon addition of a given volume to the gold sol, the KCl concentration was 12 mmole/1. mixture, the red-;.. blue colour change required exactly 24 hours. This very slow rate of coagulation was taken as the standard rate and the KCI concentration needed to produce it was defined as the "coagulation value"28. If now prior to addition of the electrolyte solution, polymer had been added to the gold sol, no coagulation whatsoever could be achieved within 24 hours in presence of 12 mmoles KCI/l., the gold concentration having been again ( as throughout all experiments) strictly the same (88·5 mg Au/l. mixture). Considerably more KCl had tobe added in order to reach the above defined standardrate of coagulation. This increase in the "coagulation value," y, indicated conclusively that the polymer exerted a stabilizing effect upon the colloidal solution of Au. Figure 13 gives a survey of the results, all obtained with one single gold sol of which a very large batch (nearly three gallons) bad been prepared for this purpose. I t is seen that the coagulation value increases with polymer concentration and apparently tends eventually towards a saturation value. Particularly interesting is the very strong increase in stabilization with increasing molecular weight of the polymer, as shown in Figure 14 . This Pugh) figure contains also additional results obtained with polyethyleneglycol of molecular weight 30,000.
These additional results were obtained with a different Au-sol and, therefore, the respective portion of the curve is dotted. The normalization procedure used with respect to theseadditional results28 excluded a "directional" uncertainty of the results. In other words it is certain that the stabilizing effect of M = 30,000 is larger than that of M = 9000 but the degree of increase is not certain, the actual increase being-for reasons to be given presently-possibly much larger than indicated by the dotted curve section (a). Nor can the possibility be excluded entirely that a maximum stabilization may have been reached at a molecular weight intermediate between the two considered ( dotted section ( b) of the curve.)
It is interesting to note that the stabilization effected is very srnall indeed as Iong as the rnolecular weight is not in excess of 4000. It is reasonable to assume that up to, and including, this M-value the statistical distance fm < rc. On the other hand, the quite dran1atic increase in stabilization, between M = 4000 and M = 9000, defined by an approxirnately 50-fold increase in the coagulation value, may indicate that here the surface cloud of polymer has finally reached and exceeded the critical thickness (fm ~ re).
In order to give further support to the concept of steric stabilization, it was desirable to show that fm can in fact assume substantial values (> 10 A). and 500 A for polystyrene of molecular weight 76,000 and 537,000 respectively if adsorbed on a chromium surface from a solution in cyclohexane. All this evidence, though indirect, nevertheless leaves little doubt that the polymer coating may in fact be more than sufficient to keep colliding particles at distances considerably in excess of rc. Figure 2 showed that it takes a considerable amount of time before the adsorption equilibrium is reached once the molecular weight is as large as 9000. In view ofthis, an increase in the degree ofstabilization with the time of contact between solid particles and polymer was to be expected, particularly at the highest molecular weight investigated. This expectation is borne out by results shown in Figure 15 . which elapsed between addition of the polymer solution to the Au-sol and the subsequent addition ofthe KCl solution.) The stabilization achieved is seen to increase considerably with time, particularly during the first 90 minutes following addition of polymer to the Au-sol. Since the Au particles are submicroscopic and most likely compact, it is surprising that stabilization kept on increasing over such a long period of time. This almost seems to indicate that a slow rearrangement of polymer conformation takes place in the surface which, though not affecting very much the amount of polymer held in the surface, influences the exerted steric effect. I t may consist of a * This value and other similarly obtained values appear to be too high. It would be reasonable for an extended rod-like molecule.
partial transition from a coiled to a somewhat more expanded fibre-like conformation to relieve lateral strain between neighbouring adsorbed molecules. Such a change would be accompanied by a slow increase in fm.
It was desirable to show that the stabilization achieved with polyethylene glycols is not specific for and limited to gold sols. Forthis reason, experiments were carried out recently, by J. Peters31, on virtually electrolyte free aFeOOH sols using rigorously purified polyethylene glycols. Thesesols differ from Au-sols in the following important respects: (i) the particles carry a positive surface charge as against the negative surface charge of Au particles; (ii) the particles are very strongly non-spherical while colloidal Au particles are isometric (cubes or spheres); (iii) a-FeOOH is distinctly more hydrophilic than Au. The experiments proved that thesesystemsalso are stabilized by polyethylene glycols although the effect is, at comparable molecular weights and solution concentrations ofthe polymer, smaller than in the case of Au. Recently, strongly pronounced stabilization was also observed qualitatively in suspensions of microscopic rods of ß-Fe00H32.
There is no doubt that steric stabilization is not at all limited to the particular polymer used here. There are numerous cases of stabilization of dispersed systems by means of polymeric materials which are unquestionably of the same nature. In particular, the action of those classical "protective colloids" which are nonionogenic such as dextrin or potato starch, can readily be explained now as steric stabilization. An important argument for this is that this type of substance also is now known to assume, under proper conditions, the molecular conformation of random coils.
REMARKS ON THE SENSITIZING ACTION, AT LOW CONCENTRATIONS, OF NON-IONOGENIC POLYMERS
The explanation just offered for the stabilizing effect of non-ionogenic classical "protective colloids" raises immediately the intriguing question as to why these substances may, at low concentration, exert a sensitizing action upon disperse systems while the compounds investigated here exhibited a stabilizing effect at all concentrations at which an effect was observable at all. The answer is that most likely all non-ionogenic flexible macromolecules, including polyethylene glycols, may, under proper conditions, actually act as sensitizing agents. This reversal of action, in the case of methylcellulose, was demonstrated and extensively investigated by J. Saunders33. The additional question as to the conditions under which such a reversal may take place, can also be answered. As already pointed out previously27, one may expect to obtain, instead of stabiliza tion, rather "aggregation by the formation rif polymer contacts across the surfaces of sparsely polymer coated colloidal particles"3 4 • The only necessary assumption to that effect is that of a "link fotmation between neighbouring colloidal particles by adsorption of a given polymer molecule by both"34. A schematic pictorial representation of this idea is given in Figure  12 ( b). There are two reasons why this assumption of polymer bridges is "conceivable only for polymer molecuies cif very high molecular weight" 34 : ( i) the polymer bridges must be formed over a distance in excess of r c (Figure 11 ), if aggregation, in an originally stable colloidal system, is brought about without the supplemental addition of a sensitizing ordinary electrolyte; (ii) the polymer molecule must be anchored with at least two segments in each of the two surfaces if a suitable link between the two particles is tobe established. (This necessity follows from the simple fact that no segment is anchored permanently to a surface, but only temporarily, if one is dealing with a true adsorption equilibrium rather than with chemisorption.) I t is therefore understandable that no sensitization was observed with the low molecular weight polyethy1ene glyco1s investigated. Appreciably higher molecu1ar weights would have to be applied and respective investigations are at present under preparation in this laboratory.
Healy and La Mer35 have applied recently very successfully ideas essentially identical to those recapitulated here, in order to explain satisfactorily the rather complex effect exerted by polymer molecules ofwidely varied molecular weight and concentration upon the filtration rate of suspensions containing calcium phosphate particles approximately 20 fJ. in diameter.
SENSITIZATION AND STABILIZATION OF DISPERSE SYSTEMS WITH POLYELECTROLYTES
The ionogenic proteins or their ionogenic degradation products such as egg albumin and gelatin respectively are, in general, far more effective "protective colloids" than the non-ionogenic ones referred to above. Thus, about 200 times more dextrin is needed in order to give to a gold sol the same protection against coagulation by a NaCl solution than is provided by gelatin2. A similar quantitative difference exists with respect to the sensitizing effect exerted by these compounds if present in sufficiently small concentration. These alternate stabilizing (sensitizing) agents have in common with those discussed above that they also are macromolecules and may, again, represent flexible random coils ( under certain conditions, they may instead assume a helical conformation). Their action is more complicated, however, because they represent dipolar ions which, depending on pH, bear a net positive or net negative charge. An explanation ofthe stabilizing and sensitizing action of these substances must, therefore, take into account the electrostatic interaction between the solid particles and the polymer in solution. In a first attempt to clarify the effects produced by these substances :closely related but simpler synthetic polyelectrolytes were used in a study, carried out again by T. L. Pugh36. The polyelectrolytes used were sodium polystyrene sulphonate (SPSS) ofmolecular weight 110,000 and polyvinylbenzyl trimethylammoniumchloride (PVBTAC) of not exactly known but probably similar molecular weight. The former forms polyanions in aqueous solution and is therefore comparable to a protein at a pH above that of the isoelectric point while the latter forms polycations, making it comparable to proteins at a pH below that of the isoelectric point.
Interaction of polyions with dispersed solid particles of like charge
On adding to a dispersed system a polyelectrolyte whose polyion has the same charge as the dispersed solid particles, the repulsion between actual particle surface and polyion should tend to reduce the adsorbability of the latter and should therefore attenuate the effect of sensitization and, particularly, ofstabilization. To test this, PVBTAC was added to Au-sols containing negatively charged isometric Au crystals with a diameter < 0·1 fJ.· Similarly, SPSS was added to a nearly monodisperse colloidal solution of positively charged, rod like a-FeOOH crystals about 0·1 v in length. The colloid concentration of the final mixture was kept constant in all the following experiments, both in presence and in absence of the low molecular weight sensitizing electrolyte KCI. It was 44 mg Aufl. mixture and 155 mg of Fefl. rnixture respectively.
The results boreout the expectations. In neither instance was there either typical stabilization or typical sensitization. The coagulation value of the gold sol, 20 ± 3 mmoles of KCl/1. mixture, in absence of SPSS*, rose only little with increasing polymer concentration. Even at the relatively high SPSS concentration of 0·23 per cent, the largest one used, y had risen to no more than 44 ± 6 mmoles KClfl. In addition, there was no indication of sensitization at low polymer concentrations. Although the combination of FeOOH sol and PVBT AC did not exhibit a typical stabilization or sensitization either the quantitative variation of stability was larger and the direction of changewas in the opposite direction. Here, y gradually decreased from3·6 ± 0·2mmoles KCIJlt, inabsenceofthepolymer, to 0·3 ± 0·1 mmoles KCl/1. at the highest polymer concentration of 0·05 per cent used. A minor sensitization therefore took place. It is noteworthy that both here andin the preceding instance, the variation of y with polymer concentration was typically asymptotic the curves being very similar in character to the adsorption isotherms given in Figure 6 . This may be significant. It would not be possible, however, to propose at this time a reasonably secure explanation of the difference in behaviour of the two colloid-polymer combinations. t The most important finding common to both colloid-polyelectrolyte combinations is, in any event, that for the molecular weights used and the particle sizes involved, adsorption with resulting stabilization or sensitization are rather negligible.
Interaction of polyions with dispersed solid particles of originally opposite charge Theoretically and practically more interesting was the situation that arose on mixing the above colloidal solutions with solutions ofthose polyelectrolytes whose polyion had a surface charge opposite to that of the solid particles. In this case, extreme sensitization was found at low polyelectrolyte concentrations meaning that both the Au-PVBT AC and the a-FeOOH-SPSS systems coagulated completely on mixing, even in absence of KCl. For the Au-PVBTAC combination, a concentration of ( 4·4 ± 0·6) X 10-5 per cent polyelectrolyte produced complete coagulation within one half hour after the * In contradistinction to the experiments described on pages 266-269, the standardrate of coagulation, by KCl, was defined by a red-+ blue colour change 2 hours after addition of the coagulation agent. This explains the SO per cent larger coagulation value for KCI in the present instance.
polymer addition For the a-FeOOH-SPSS combination, the approximately 10 times larger concentration of (6·1 ± 1·3) X 10-4 per cent polyelectrolyte produced complete coagulation after 0·5 hours. Even though this polymer concentration is much larger than in the preceding instance, it is still strikingly small: in terms of molar concentration it is (5·5 ± 1·2) X 10-2 tJ.moles/1. mixture. This extremely effective coagulation by the polyelectrolyte is not difficult to und erstand. In contradistinction to the combinations treated in the preceding section (pages 266-269), the attraction between the surface charge of the colloid and the charge ofthe polyion promotes adsorption. It is clear that no more polyelectrolyte needs to be adsorbed than is sufficient to neutralize the surface of the colloid in order to produce rapid and complete coagulation. It is questionable, however, whether so much polyion actually needs to be adsorbed since polymer bridge formation may produce the same result at possibly much lower surface coverage. Polymer bridge formation evidently would be aided here considerably by the opposite sign of the electrostatic charges (provided the molecular weight is large enough to make bridges possible). Electrophoretic measurements by Rebhuhn37 showing that colloidal particles may still possess an appreciable Zeta-potential after coagulation with polyelectro1yte, represent an argument in favour of the latter alternative of complete coagulation at surprisingly low polymer concentrations.
Turning now to larger polyelectrolyte concentrations at which the colloidel particle will carry a net charge determined by the adsorbed polyion ( opposite in sign to that which it had in absence of the polyelectrolyte3 6 ) one would expect steric stabilization of the type shown in Figure 12a . This was found to be true. At polymer concentrations in excess of (8·8 ± 2·2) X 10-4 and (1·4 ± 0·2) X 10-2 per cent ofPVBTAC and SPSS respectively, the gold sol and iron oxide sol respectively were perfectly stable again (the latter concentration corresponds to 1·2 ± 0·1 fL moles of polyelectrolyte/1. mixture). Moreover, their stability towards inorganic coagulating agents was now enormously increased. Considering for instance the iron oxide sol, 2·5 ± 0·5 mmoles of KCl were needed, in absence of polyelectrolyte, to :r:r.)duce the standardrate of coagulation defined earlier.
In presence of 0·99 [.LIDOles of SPSS/1. mixture, the KCl requirement for the standardrate of coagulation had increased to 220 ± 20 mmolesjl. mixture, and in presence of 9·0 fLmoles of SPSS/1. mixture, as much as 1003 mmoles of KCljl. mixture were needed. An electrolyte concentration of this magnitude indicates that the colloidal system is, speaking in practical terms, virtually indestructible. Since these findings had :first been reported ( 1956 3 6) polyelectrolytes have found applications for the most diverse problems of both coagulation and stabilization. Signifl.cant progress has been made in the practical use of polyelectrolytes for the reclamation of polluted bodies of water, either by direct precipitation of solid waste of microscopic or submicroscopic dimensions, or by coagulation of inexpensive colloidal additives whose role it is to remove by adsorption, prior to coagulation, dissolved waste or poisons from water. Thanks to the addition of polyelectrolytes, or of the related polysoaps, a remarkable improvement in stability of modern latices has been achieved. Closely related are the improvements in "shelf life" and rheological properties of modern type paints. There is little doubt that the extreme sensitizations and stabilizations which are possible with polyelectrolytes will also be found to be of major significance in life processes involving adsorption of dissolved proteins andfor other macromolecules such as polynucleotides. Finally, it may weil be that the phenomena discussed here may be helpful in explaining, ameliorating or preventing pathological conditions involving problems of bloodclotting or of deposits at arterial walls.
Most oj the experimental work described on pages 266-27 3 was carried out with the support oj the Office oJ Naual Research.
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